their power supply control and their relationship to the BPMs. As result of this discussion, we identify all the BBA-measurable quadrupoles in RHIC.
Independently Controllable Quadrupoles
With the RHIC insertion design [3] , a series of shunt power supplies is included in the circuit configuration for various insertion quadrupoles (Q9 and below) in order to control β* at the interaction regions (IR). These shunt power supplies make it possible to independently control a number of insertion quadrupoles.
All of the quadrupoles Q1, Q2, and Q3 allow independent control on both sides of an IR. But, none of Q4, Q5, or Q6 can be independently controlled due to the absence of the shunt power supplies.
However, trim quadrupoles TQ4, TQ5, and TQ6 are independently controlled and they may be used to form quasi-pairing with the BPMs associated with Q4, Q5 and Q6. The trim quadrupoles TQ4, TQ5 and TQ6 are located 1.411m, 1.061m and from these quasi-pairs may not be high, but is expected to be acceptable.
The power supply control of Q7, Q8, and Q9 quadrupoles varies by IR and by the ring. Therefore, their BBA-measurability due to the independent control was individually determined from the insertion quadrupole circuit diagrams [3] (see appendix A).
BPM availability for BBA
As described above, only quadrupoles Q1 -Q9 have the possibility of independent control, but not all of those quadrupoles have associated BPMs. For example, all Q2 quadrupoles do not have associated BPMs. Moreover, Q5, Q6, and Q9 have only one plane available. This could be the horizontal or vertical plane depending on location. Quadrupoles Q1, Q3, Q4, Q7, and Q8 are all associated with dual-plane BPMs. This information is summarized in Table 1 and Table 2 , along with the availabilities of independent control of power supplies.
BBA-measurable Quadrupoles in RHIC
Only those quadrupoles with independent control of power supply and a nearby BPM plane are BBA-measureable. In total, taking into consideration power supply constraints from above, there are 250 BPMs with nearby quadrupoles that can benefit from BBA measurements.
The summaries of BBA-able quadrupole/BPM pairs in the Blue and Yellow rings are listed in Table 1 and Table 2 , respectively. P stands for independent control of power supply. BH and BV are used to designate which plane, horizontal and/or vertical, is associated with the BPM. The dark shade and light shade indicate unavailabilities of the independent control of power supplies and BPM planes, respectively. The summary of BBA-able quadrupole/BPM pairs in RHIC and the total number of BBA measurements performed on each pair are reported in Section 5. 
Important Issues regarding BBA in RHIC
BBA measurement is difficult in RHIC for the following reasons:
1.
There are very limited dipole correctors, especially in the Interaction Region.
For example, in order to make measurements on the triplet magnets one needs to use the BBA bump (3-corrector bump) that includes not only the triplet quadrupoles, but also 3-4 additional quadrupoles, 2 DX magnets and 2 D0 magnets.
2.
The effects of quadrupoles Q1, Q2, Q3 are equally strong and they cannot be decoupled.
3.
There are magnet alignment errors.
4.
The beam angles at the quadrupoles are unknown due to the unknown beam positions and angles at the first corrector of the BBA bump.
5.
The RHIC rings are very large. When all the BPMs in all the arcs are used, some BPMs contribute to noise more than signal.
6.
The signal to noise ratio is low.
In this section we concentrate on the following three issues since they are crucial to the BBA in RHIC.
RHIC Insertion Quadrupole Excitations
Each RHIC ring consists of 6 insertions joining the 3 inner arcs and 3 outer arcs. Each insertion has 9 quadrupoles and 6 dipoles (4 for dispersion matching and 2 for the beam crossing) on each side of the crossing point [3] . Each half-insertion is composed of (1) 
RHIC BPM offsets and surveys
RHIC was designed with 288 "CQS packages", which are comprised of corrector-quadrupole-sextupole and optionally a BPM in a rigid mechanical assembly.
The CQS packages were surveyed "on the bench" before installation whereby any BPM-to-reference orbit and magnet-to-BPM offsets were recorded [3] . The latter of these measurements are used in the RHIC controls system to calibrate BPM alignment with respect to quadrupole centers. Installation tolerances for quadrupole-BPM misalignment were RMS ∆x rms = ∆y rms = 0.25 mm. When the BPM offsets were first introduced into the RHIC control system, the orientation of each CQS package was not properly taken into consideration. The result of this oversight caused a systematic error in BPM offsets with twice the magnitude of the survey value (the implemented offset being the opposite sign of, but equal in magnitude to, the correct setting) in the 144 packages installed with −1 polarity.
To further complicate the issue, the BPM survey offsets provided were incorrectly interpreted or implemented by a factor of -1. This was in addition to and independent of CQS orientation and therefore affected vertical plane BPMs as well as horizontal. The result of these two issues working in concert was a systematic offset error in all vertical and roughly half the horizontal BPMs.
BBA measurements at the first part of run 10 were devoted to the verification of these offset reversals and to the related corrections. Therefore, this report includes the BBA works after Jan. 21, 2010 when the BBA offset reversal corrections were completed.
BPM Accuracy and Beam Position Acquisition
In addition to the BPM location in reference to quadrupoles as discussed above, the BBA accuracy is also governed by these important factors in the BPMs: resolution, accuracy and timing; beam position acquisition and calculations of average orbit used by BBA measurements. BPM accuracy places a fundamental limit on the accuracy of BBA, though this limit is rarely reached. BPM resolution is about 10mm for a constant temperature, but at present, each 10 degree temperature change results in ~1ns change in trigger time which adds an uncertainty on the order of hundreds of microns up to 1mm on a BPM reading. In an effort to combat this effect, when possible, the BPM timing was calibrated by the experts immediately prior to the data taking. This effect must be taken into consideration when designing a measurement algorithm for BBA.
The BPM trigger mode is set to 1HZ throughout a BBA measurement so it is important to remain at each bump size long enough for readings to settle. The overall accuracy of the BBA procedure will be discussed in more detail in Section 6. 
Pre-2012 BBA Measurements and Results
The first part of the BBA activity during run 2010 was dedicated to verifying the RHIC BPM offset reversals as described in subsection 2. 
New Measurement Procedure
A major effort was made during the 2012 BBA activity to explore possible solutions to the challenges faced on RHIC. One issue was the unacceptably low level of signal to noise ratio. This was addressed by carefully investigating the raw BBA measurement data obtained during runs 2010 and 2011, and introducing two major changes into the BBA measurements: (1) a new measurement algorithm which decreases the noise; (2) optimization of the measurement parameters, which increases the signal. These two changes brought the signal to noise ratio to an acceptable level for the remaining and any future measurements of BBA in RHIC.
In the traditional BBA measurement procedure the beam was steered stepby-step across the central region of the quadrupole in either the horizontal or vertical direction by a three-corrector-bump. At each beam position the quadrupole strength was modulated, then returned to the initial state. As an example, Figure 4 shows the power supply current of dipole corrector bo7-th2 (light blue line) during BBA measurement of quadrupole bi8-qf3 using the traditional procedure with 11 positionsteps. The power supply current of quadrupole bi8-qf3 (dark blue line) was changed 22 times (modulated 11 times and returned to the initial state after each modulation), which is very typical of traditional measurement procedures. It was found from careful investigation that the noise in the measurement could be considerably reduced by minimizing the frequency of the changes in quadrupole strength during the BBA measurement. To this end, we developed a new BBA measurement algorithm named "1Q", in which the quadrupole strength is modulated only once, and returns to the initial state once, during the entire procedure. As an example, Figure 5 shows how the currents change with the new algorithm applied to the same power supplies as in Figure 4 . In the new procedure, the power supply current of quadrupole bi8-qf3 (dark blue line) was modulated and returned to the initial state. Before and after this modulation, the current of dipole corrector bo7-th2
(light blue line) was changed 12 times during two identical 12-steps beam position scans. 
New Data Analysis Algorithm
Based on the physical model of the fields in the quadrupole magnets and on the statistical characteristics of the signals, a sophisticated data analysis algorithm was developed. Figure 7 shows the flowchart of the new BBA algorithm.
The error bar calculations include three sources: (1) 
Code development for data acquisition and analysis
There After the successful changes made during run 2012, the BBA procedure has become stable enough to be developed further to include a GUI, to combine measurement and analysis, and to document previous measurements, all from the same application. This will move the procedure from a script-based, expert-only activity to one available to a wider community. It will also allow for installation of offsets directly from within the application.
Work is being done to build a C++ application with the same look, feel, and operation that is standard to the C-AD controls system. It has been tested and debugged during run 2013 and will hopefully be fully operational for run 2014.
BBA Measurements and Results in Run 2012-2013
The new measurement procedure and the analysis have been highly successful during the RHIC runs 2012 and 2013. 
BBA Documentation and BPM Offset Correction Installation
In order to improve the BBA accuracy, one needs to know the conditions and committed. orbPositionOffsetS is added to the raw BPM calculation before being reported to the controls system. Changing the value itself is straightforward, but depending on when these changes are made, a number of other considerations must be made.
In order to have the least possible impact on operations, the offsets were installed at the end of physics stores when their effects could best be studied. Because of RHIC's current dependence on periodic orbit feedback, it is important to install offsets at the correct time. The procedure is as follows. Note that capturing a new goal orbit immediately after offset installation ensures that nothing physically changes the orbit --only the readings on the BPMs change.
Summary and Conclusion
As a result of this work, RHIC's BBA is generally producing reliable results. It 
